Aim. The aim of study was to determine of the parameters of the molecular structure of new 1- [2-(R-phenylimino)-4-methyl-3-(3-[morpholine-4-yl]propyl)-2,3-dihydro-1,3-thiazol-5-yl]ethane-1-one derivatives and QSAR-analysis. The latter can be considered as the theoretical basis for de novo design of new potential antioxidants.
Introduction
In silico study and theoretical research including QSAR (Quantitative Structure-Activity Relationship) analysis are of special interest and a basis for design and directed synthesis of new drug-like molecules. QSAR-analysis consists of the identification and quantitative description of structural parameters or physico-chemical properties (descriptors) of a molecule in order to reveal the effect of each of them on the biological activity of a substance. Obtained QSAR models provide the information on the structural features of the molecules and outline the main directions for further design and optimisation of active compounds (Lionta et al. 2014; Lavecchia and Di Giovanni 2013) .
Currently, the role of free radicals, damage of biologically important molecules and oxidative stress are discussed. Such pathological conditions and diseases, such as cancer, atherosclerosis, Parkinson's disease, staining processes, various types of ischaemia, cataract, neurodegenerative, cardiovascular diseases and aging processes are mainly associated with free radical oxidation and are considered as oxidative-stress related diseases and processes. Thus, the search for new efficient antioxidant/antiradicals entities is important for the prevention and therapy of the above-mentioned oxidative-stress related diseases (Kumar et al. 2015) .
Thiazole derivatives are promising in the search for biologically active compounds, since the thiazole frame is a powerful biophore fragment for the rational design of drug-like molecules. Thiazole derivatives possess various types of biological activity: anticonvulsant (Satoh et al. 2009 ), anti-inflammatory (Giri et al. 2009 ), antihypertensive (Abdel-Wahab et al. 2008) , antiviral (El-Sabbagh et al. 2009 ) and antioxidant Andreani et al. 2013) .
The aim of the study was to determine the molecular structure parameters of the new 1-[2-(R-phenylimino)- 4-methyl-3-(3-[morpholin-4-yl] propyl)-2,3-dihydro-1,3-thiazol-5-yl]ethane-1-one derivatives and building the QSAR models as a theoretical basis for de novo design of new thiazole-based antioxidants.
Materials and methods
Fourteen new derivatives of 1-[2-(R-phenylimino)-4-methyl-3-(3-[morpholin-4-yl]propyl)-2,3-dihydro-1,3-thiazole-5-yl]ethane-1-one, with established antioxidant activity, were used. Target thiazole-based compounds II ( Fig.1) were synthesised by the Hantzsch method, starting from asymmetric thiourea and 3-chloropentane-2,4-dione (Taha et al. 2015; Yeromina et al. 2016) ; additionally 3-[3-(morpholin-4-yl)propyl]-1-phenylthiourea I (starting compound) was involved in the study.
Calculation of molecular descriptors was carried out using Hyper-Chem 7.5 software (HyperCube, Inc.) (licence for HyperChem 7.5 software is available for Danylo Halytsky Lviv National Medical University): BuildQSAR softaware was used for QSAR-model building (De Olivera and Gaudio 2000) .
The antioxidant activity (AOA) of the tested compounds was evaluated in vitro at the initiation of free radical processes by modelling the artificial oxidative stress, using the emulsion with yolk lipoprotein as a substrate for oxidation. Butylated hydroxytoluene (BHT) and quercetin (q) were taken as reference substances. The experiment was carried out under simulated conditions; the experiment variants included a control substance (DMSO solvent), solutions of reference substances (BHT, quercetin) and tested substances with a concentration in an incubation medium 0.3 kg/ 
. Levels of compound activities were presented as a percentage of inhibition of the TBARs formation (tiobarbituric reactive substances) compared to BHT and quercetin activities: AOA BHT (percentage of inhibition under BHT action) and AOA Q (percentage of inhibition under quercetin action) (Perekhoda et al. 2017) (Table 1) .
Results and discussion
The preliminary optimisation of the molecular structure of the investigated compounds was carried out using the molecular mechanics method MM+ (HyperChem software package) to achieve the RMS gradient value less than 0.1 kcal/(mol • Å). The final minimisation of the energies of the investigated structures was carried out using AM1 semi-empirical quantum chemical method to achieve a RMS gradient value less than 0.01 kcal/(mol • Å). The use of the AM1 method was due to the fact that it allowed the most accurate calculation of the electron-spatial structure of heterocyclic compounds containing Oxygen and Nitrogen atoms (Lipkowitz and Boyd 1990; Szabo and Ostlund 1989) . This allowed the calculation of a number of molecular descriptors: electronic, steric, geometric, energy etc., which assessed the charges on individual atoms of the investigated compounds: Sulphur atoms of the thiazole cycle (Ch_S), Oxygen (Ch_O), Nitrogen and Oxygen atoms of the morpholine cycle (Ch_N(m), Ch_O(m)); the lipophilicity parameter (logP); the dipole moment (D); the volume of the molecule (V), the surface area of the molecule (S), the refractivity (R), the polarisability (P), the total energy of the molecule (TE), the binding energy (BE), the electronic energy (EE), the energy of isolated atomic energy (IAE), core-core interaction (CCI), heat of formation (HF), hydration energy (EH); parameters characterising the molecular orbitals: energies of the highest occupied molecular orbital and lowest unoccupied molecular orbital (HOMO and LUMO). Calculated molecular descriptors of the investigated compounds are presented in Tables 2 and 3 .
Based on the obtained results of charge values, the following conclusions can be made. Effective charges on Sulphur atoms of the thiazole cycle have additional values: least value of 0.458 (compound IId) and largest value of 0.700 (compound IIh), the charge on the Sulphur atom in the unsubstituted thiourea has an electronegative value of (-)0.291. The effective charges on the Oxygen atom for the test compounds take values from (-) 0.270 (IId) to (-) 0.370 (IIh). Thus, amongst the studied compounds, the most electronegative is the Oxygen atom and the most positive charge is on the Sulphur atom in the IIh compound, which contains the methoxy group in position 2 of the phenyl fragment. The compound IId, with methyl substituents in the phenyl fragment at positions 2,6, is characterised by the lowest value of the charge on the Sulphur atom and the lowest value on the Oxygen atom. The effective charges on the Oxygen and Nitrogen atoms of the morpholine cycle for the studied compounds are characterised by almost identical values of (-) 0.26 (Ch_O (m)), (-) 0.25 Ch_N (m).
Comparing the values of refractivity and polarisability, which are known to characterise the mobility of the mole- Table 1 . Antioxidant activity of 1-[2-(R-phenylimino)-4-methyl-3-(3-[morpholin-4-yl]propyl)-2,3-dihydro-1,3-thiazol-5-yl] ethane-1-one derivatives (as inhibition % of the TBA-active products formation). Table 2 . cule electron shell Consonni 2000, 2009) , it was established that the least value of these parameters had compound I. Compounds with methyl substituents in the phenyl fragment at 2-, 2,3-, 2,4-, 2,6-, 3,4-and 3,5-positions (II b-g), compounds with methoxy group in the phenyl fragment at 2-, 3-and 4-positions (II h-j) and compounds containing the Chlorine atom in the phenyl fragment at 2, 3 and 4 positions (IIk-m) had similar values of refractivity and polarisability. The reactivity of a substance depends on the hydrophilic-hydrophobic balance of the molecule, the quantitative criterion of which is the value of the dipole moment. The value of the dipole moment of the investigated compounds has very different values from 2.245 (IIe) to 12.871 (IIh).
An important characteristic of substances is lipophilicity (logP). It is known that an increase of lipophilicity leads to an increase in the penetration of biologically active substances through cell membranes, but a reduction in the water solubility and elimination from the body (Todeschini and Consonni 2009). For the studied compounds, the logP value has a similar value for the compounds, depending on the presence of methyl-, methoxy-and chlorinesubstituents in the phenylimine fragment of the molecule: -0.31 (IIh-j), 0.99 (IIc-g), 0.46 (IIk-m).
The surface area of the molecule and the volume of the molecule were the smallest for compound I and the largest value of these parameters were for compound IIg.
Based on the energy parameters, it can be concluded that compound I has the minimum values for total energy of the molecule, binding energies, energy of isolated atoms, electronic energy and energy of internuclear interactions. The energies of the frontier orbitals are responsible for the donor-acceptor properties of the molecules: the minimum HOMO value is in compound I (-8.270 ) and the largest value in compound IIe (-6.894); the least LUMO value is in IIh compound (-1.457), the largest value in IIg and IIi compounds (-0.116). The calculated energy gap (the energy difference between the lower occupied and the upper vacant molecular orbitals) value of the molecules for the studied compounds is within the range of 7.8-7.9, with the exception I compound having the value of 8.121, IIe compound -(6.046 value) and IIh compound -(5.577 value).
The structure-activity relationships were studied using the calculated descriptors and antioxidant activity values for the studied compounds. For this purpose, the construction of mathematical QSAR models was carried out using the BuildQSAR programme and the GA-MLRA method, which had allowed the generation of one-or multi-parameter models with a maximum value of the correlation coefficient (r) and the minimum value of standard deviation (s). Obtained QSAR models were analysed by the Fisher coefficient (F) value and "leave-one-out" method under confirmation of the predictive model capability, which had been verified by the value of the cross-validation coefficient (Q 2 ), calculated using the sum of squares of prediction error (SRRESS) (Yeromina et al. 2016 ). The predictive power of QSAR models is calculated by internal and external validate-using the methods of leave-one-out (LOO) and leave-group-out (LGO) cross-validation. QSAR model is predictive, if the following conditions are satisfied (Golbraikh and Tropsha 2002) : Q 2 > 0.5, which can be calculated by the formula: , where a obs is the observed or experimental activity, a pred is the activity predicted by a certain model, a mean is the average activity. The QSAR models were presented in the next formula:
where the activity parameter % is AOA BHT or AOA Q and X1, X2, X3 are molecular descriptors. The mathematical dependence between the inhibition of BHT and quercetin was described by the equation: AOA BHT = +0.784 AOA_Q +0.0598. Therefore, the parameter of activity AOA BHT was used in QSAR-analysis.
The total sample of compounds was divided into three groups according to the values of their antioxidant ac- Table 3 . Energy parameters of 1-[2-(R-phenylimino)-4-methyl-3-(3-[morpholin-4-yl]propyl)-2,3-dihydro-1,3-thiazol-5-yl]ethane-1-one derivatives. When one-parameter QSAR-models were built in the training sample, the largest correlation coefficient r = 0.717 was observed with the use of the descriptor -the area of the molecule. The anti-oxidant activity increases with the decrease of the area of the molecule: The QSAR model is characterised by low prognostic ability.
From the two-parameter QSAR models in the training sample of compounds, model 2 was selected, which was characterised by a higher correlation coefficient (r) and predictive power ( Based on the analysis of the obtained QSAR-models, it was found that antioxidant activity increases with decreasing of the area, molecular volume, lipophilicity, polarisation and increasing the magnitude of the dipole moment. The increase in the energy of the bonds, the energy of inter-nuclear interactions, the energy of the lower vacant molecular orbit and the reduction of the energy of hydration and energy of the higher vacant molecular orbitals also result in an increase in the antioxidant activity. The greatest effect of effective charges on atoms on the anti-oxidant activity was detected: the increase in the charge value on the morpholine cycle Oxygen and the decrease in the charge size on the Sulphur atom of the thiazole ring and the Oxygen atom of the acetyl group.
From the received QSAR models, models with the highest correlation coefficient and predictive power of 2, 3, 5, 15 were selected. To estimate the accuracy of the predictive ability of the received QSAR models, the prediction error values for compounds of the training sample were calculated (Table 4) .
Figures 2 and 3 depict the dependence of the observed and predicted anti-oxidant activities for QSAR-model 2, 3, 5 and 15.
QSAR-model 3 is characterised by the best statistical indicators. Since in QSAR-models 2 and 15 for compounds IIc and IId, there was a large discrepancy between the observed and predicted anti-oxidant activities and these compounds were removed from the training sample for these models. The obtained QSAR models 2-1 and 15-1 were characterised by better statistical indicators. Using the obtained QSAR models with the best statistical parameters, the activity of the compounds from the test sample was predicted. Table 5 shows experimental antioxidant activity data and predicted using QSAR models.
The predictive ability of the constructed models, tested with the use of compounds from the test sample, was quantified by the value of the cross-validation LGO coefficient Q 2 , which were for QSAR models 2-1, 3, 5, 15-1 -0.530, 0.769, 0.608, 0.665, respectively. Thus, it can be assumed that the QSAR models obtained are characterised by high predictive ability, determined both by internal and external validation and can be used for virtual screening of the antioxidant activity of substances of this class of compounds.
Conclusions

